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? 0 LAE C GPA? HI C REDUCTIP 
THE  EFFECT  OP 


' 0?  HEXAMEINECC3ALT  (III)  I OH. 
HOMCOMPLEXING  ELECTROLYTES 


H.  A.  laitinen,  A.  J . Frank,  and  ?.  Klvalo 


ABSTRACT 


The  diffusion  current  region  of  the  first  reduction  wave  of 
hexamminecobalt  (III)  ion  in  perohlorate,  chloride  and  nitrate  solu- 
tions shows  anomalous  dips  at  higher  concentrations  of  reducible  ion 
The  irregularities  are  due  to  formation  of  a film,  probably  of 
cobalt  (II)  hydroxide.  The  effects  c'f  gelatin,  of  various  salts, 
and  of  pH  on  the  film  formation  were  studied.  The  pH  range  for  film, 
formation  varies  with  the  nature  of  the.  vuffer. 

Reduction  of  hexamminecobalt  (III)  ion  in  the  presence  of 
equated  cobalt  (II)  ion  showed  that  no  addition  to  the  second  wave 
is  caused,  by  a small  addition  of  cobalt  (II).  This  is  explained  by 
precipitation  of  the  latter  by  ammonia  released  during  reduction  of 
the  hexanminecobalt  (III)  ion.  At  the  second  wave,  this,  ion  is 
reduced  directly. to  the  metal  without  the  intermediate  formation  of 
the  hexaacuo  cobalt. (II)  ion, 

Another  type  of  film  formation,  oaused  by  direct  interaction 
of.  mercury,  is  found  in  the  presenoe  of  bromide,  thiocyanate  or 
iodide  ions.  Although  mercury  is  involved,  the  film  consists  of 
cobaltous  hydroxide. 

A study  of  the  effect  of  various  electrolytes  on  the  diffu- 
sion current  shows  that,  after  the  effect  of  viscosity  is  taken  into 
account,  there  remains  a -suppressing  effect  which  increases  with 
increasing  anionic  charge. 
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The  results  of  p study  of  the  reduction  cf  the  hexammine- 
cobalt  (ill)  ion  in  certain  completing  media  '.me  previously 
reported.*  The  present  investigation  deals  with  reduction  in  non- 

(l)  Laitinen  ■ H.  A.,  and  Kival.  Pekka.  J.  Am.  Chen.  Soc.  In  Press 
(1952). 


complex ing  electrolytes.  The  experimental  details  were  the  same 
as  previously  described. 

Results  and  Discuesicn 

The  Effect  of  Hexammlne cobalt  (III)  Concentration 

In  the  pclarographic  reductions  hitherto  reported,  the  con- 
centraticn  cf  the  complex  ion  has  been  millir.olar  or  lees.  It  was 
therefore  of  interest  to  determine  if  the  characteristics  of  the 
reduction  remained  constant  at  concentrations  approaching  the  upper 
limit  of  useful  polarographic  work.  Figure  1 shows  the  current- 
voltage  curves  for  the  reduction  of  the  complex  at  various  concen- 
trations in  0,1  M sodium  perchlorate.  It  can  be  seen  that  at  con- 
centrations of  0,5  to  2 millimolar,  fairly  regular  waves  appeared 
for  both  the  first  and  the  second  reduction  steps,  the  half-wave 
potentials  being,  as  usual,  about  -O.25O  and  -1,230  v.  vs.  S.C.E., 
respectively.  As  the  concentration  0?  the  reducible  ion  was 
increased  (curves  5 an&  6)  the  current  increased  at  the  right 
potential,  but  did  not  reach  the  expected  height  and  then,  at 
increased  potential,  suddenly  dropped  to  a minisun.  The  minimum 
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appeara  to  be  independent  of  the  concentration  of  the  cobalt  com- 
plex. When  the  potential  was  made  more  negative  the  current 
started  to  increase  again.  The  current  at  the  top  of  the  second 
wave  was  proportional  to  concentration,  and  normal  in  magnitude. 

Similar  curves  were  also  obtained  in  0,1  K sodium  chloride 
and  nitrate  solutions.  In  the  nitrate  medium,  the  second  reduc- 
tion step  starts  about  200  mv.  earlier  than  in  the  two  other  cases, 
and  seems  to  consist  of  a "prewave",  which  precedes  the  actual 
second  wave.  Brdicka  has  reported  the  same  phenomenon  in  the 

(2)  Brdicka,  Ft. , Coll.  Czechoslov.  Chem.  Commune.,  113  (1933)  • 


reduction  of  cobaltous  chloride  in  neutral  solution.  He  explained 
the  prewave  as  being  due  to  the  pentaaquomonohydroxocobalt  (II) 
ion  formed  by  hydrolysis,  the  ion  being  in  slow  equilibrium  with 
the  hexaaquo  cobaltous  ion. 

3 

Gayer  and  Woontner  have  recently  shown  that  the  hydrolysis 


(3)  Gayer,  K.  H.  and  Voontner,  L.,  J.  Am.  Chem.  Soc.,  74  1436 

(1952) • 


of  cobalt  (II)  actually  exists.  Figure  2 shows  Brdicka's  "pre- 
ware"  obtained  in  the  reduction  of  a mixture  of  1 millimolar 
hexanminecohalt  (III)  and  4.73  millimolar  cobalt  (II)  in  0,1  M 
sodium  perchlorate  containing  0.01^  gelatin. 

The  sudden  drop  in  the  current,  occurring  at  higher  concen- 
trations of  the  hexammine  complex,  is  no  doubt  caused  by  a film 


-In- 
formation. Similar  current  limiting  film  formations  have  been 

4 8 

reported,  e.g.,  by  Kolthoff  and  Killer  and  Kolthoff  and  Lingane. 


(4-)  Kolthoff,  I.  K. , and  Killer,  C.  S . , J.  Am.  Chem.  Soc.,  6l . 

14-05  (1940). 

(5)  Kolthoff,  I.  l\.t  and  Lingane,  J.  J.,  J.  Am.  Chem.  Soc.,  62, 
C52  (1940). 


A plausible  explanation  for  the  occurrence  of  such  a film 
may  be  postulated  as  follows:  The  first  product  of  the  reduction 

of  hexamminecobalt  (III)  is  the  divalent  hexamnlne  complex,  the 
latter,  however,  being  a labile  complex  rapidly  exchanges  its 
ligands  to  satisfy  the  equilibrium  condition  in  the  medium  in 
question.  If  the  supporting  electrolyte  is  a noncomplexing  ion 
like  nitrate  or  perchlorate,  the  result  of  the  exchange  will  be 
the  hexaaquo  cobaltous  ion.  Thus  ammonia  will  be  liberated 
increasing  the  pH  at  the  surface  of  the  dropping  mercury  electrode. 
It  is  known  that  an  addition  of  email  amounts  of  ammonia  to  a 
cobalt  (II)  solution  gives  precipitates  of  corresponding  basic 

8 7 8 9 

salts.  In  the  present  case,  however,  where  the  ammonia 

(6)  Britton,  H.  T.  S.,  "Hydrogen  Ions",  D.  Van  Jlostrand  Co.,  Inc., 
New  York,  N.Y.  (1929),  p.  256,  27$. 

(7)  Haberman,  J.,  Hontash. , 5,  445  (lSf$4). 

(5)  Strftmholm,  D.,  Arkiv  Kemi  Kin.,  2,  16  (1907). 

(9)  Bernard!,  A.,  Gazz,  Chim.  Ital. .57.  232  (1927). 


concentration  is  actually  greater  than  the  cobalt  (II)  concentra- 
tion, it  is  likely  that  the  cobaltous  hydroxide  is  precipitated. 
That  ammonia  actually  was  liberated  during  the  first  step 
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of  the  reduction,  was  shown  by  an  experiment:  In  which  cadmium  ions 
were  present  in  the  solution.  It  was  thought,  that  the  reduction 
of  cadmium  v.ould  be  affected  due  to  the  precipitation  of  a basic 
salt  or  the  hydroxide  of  cadmium  (cadmium  arrmine  complexes  are  not 
likely  tc  be  formed  at  the  low  ammonia  concentration),  Hov/ever, 
the  experiment  showed,  that  the  reduction  vsve  of-. the  cobalt  (III) 
complex -was  itself  almost  suppressed  up  tc  the  potential  where  . 
oa&mium  was  reduced.  The  small  amount  of  ecbalt  (III)  being 
reduced  gave  enough  of  ammonia  to  raise  the  pH.  to  the  point,  where 
a film,  probably  of  a basic  cadmium  salt,  ves  forr.ed,  Vhen  the 
potential  became  negative. .enough  to  reduce  the  cadmium,  the  reduc- 
tion proceeded  normally,  the  wave  height  v?ae  equal  to  the-  sum  of 
the  corresponding  waves  recorded  separately. 

As  can  be  seen  from  Figure  1,  Curve  2*,  the  film  formation 
starts  at  around. -O^S.  v,.  and  disappears  aroxirud  -1,0  v.  At  higher 
concentrations  the  film  formation  starts  earlier.  This  apparent 
dependence  of  the  film  formation  on  the  potential  probably,  is  due 
to  electrostatic  effects  on  the  colloidal  precipitate  formed  at 
the  electrode  surface. 

• _ A . m 1 c r o e 1 e ct.r  o 1 ys  is  _e  xp  e r i me  n t was  o-  on  duo  ted  In  an  attempt 

to  make  the  film  visible.  Th9  cell  used  was  a special  K-oell  in 

s 

which  the  cathode  compartment  held  only  1 or,  of  solution. 
Utilizing  a droplet  of  mercury  as  a cathode , a potential  of 
-0.9  v.  vs,  S.C.E.  was  applied,  the  solution  being  a 5 millisolar 
hexammine cobalt  (III)  chloride  in  0,1  X scdhum  nitrate.  Oxygen 
v;as  removed  as  usual  with  nitrogen  by  means  of  a fine  glass 
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capillary  tubing  inserted  in  the  small  cathode  compartment,  After 
a current  of  oO-lOO  microamperes  had  passed  for  an  hour  a greenish 
precipitate  was  observed  on  the  mercury  surface. 

The  Properties  of  the  Current  Limiting  Film 

Some  of  the  properties  of  the  film  were  also  studied,'  It 
was  found  that  an  addition  of  gelatin  removed  the  film.  The 
irregularities  shown  in  Figure  1,  Curve  5 , disappeared  after  a 
minimum  addition  of  0,02^  gelatin,  which  acts  as  a protective  col- 
loid preventing  the  formation  of  the  adherent  film.  As  previously 

10. 

reported  from  this  laboratory,  the  addition  of  gelatin  causes  a 

(10)  Laltinep,  K,  A.,  Bailar,  J.  C.,  Jr.,  Holtzclaw,  H.  F.,  and 
luagliano,  J.  V . , J.  Am.  Chen.  Soc.,  70,  2999  .(19kg), 


a large  shift  of  the  half-wave  potential  to  more  negative  direction. 
It  was  also  found  that  by  increasing  the  concentration  of 
the  supporting  electrolyte  the  irregularities  disappeared.  The 
electrostatic  adsorption!  of  the  colloidal  precipitate  is  probably 
affected  by  the  presence  of  high  concentration  of  neutral  salts. 

of  the 

molar,  it  T-*as  necessary  to  increase  the  concentration  of  sodium 
nitrate  to  ? H in  order  to  remove  the  irregularities. 

Or.  the  other  hand,  it  was  expected  that  salts  of  higher 
charge  type  would  coagulate  the  colloidal  precipitate  and  make  the 
film  formation  more  pronounced.  One  tenth  molar  barium  nitrate 
solution  used  as  supporting  electrolyte,  did,  however,  not  show 
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any  film  formation  at  all  nor  die  0.1  M sodium  sulfate,  or  C.l  M 
phosphate  buffer  (pH  6-10) , The  explanation  might  be  a peptiza- 
tion effect  of  adsorbed  ions  and/or  a complexing  effect  to  form  a 
soluble  divalent  cobalt  compound.  Vrhen  a sufficient  concentration 
of  ammonia  and  ammonium  salt  was  present  to  prevent  the  divalent 
oobaltanir.e  from  transforming  to  the  aquated  ion,  no  irregulari- 
ties appeared.  ■ It  was  also  found  that  an  addition  of  ammonia  only, 
actually _ increased  the  formation  of  the  precipitate,  which  is 
explained  by  the  fact  that  the  divalent . cobalt  amines  are  stable 
only  in  the  presence  of  ammonium  salts.1* 

(11)  BJ errum,  J . , "’ietal  Acmine  Formation  in  A queous  • Solution, f1 
PA  Haase  and  Son,  Copenhagen,  l$4l,  p.  235. 


The  Effect . of  oH 

The  effect  of  variation  of  the  hydrogen  ion  concentration 
was  studied  primarily  tc  elucidate  the  film  formation.  The  pH- 
effect  was,  however,  masked  by  side  effects.  The  acidity  was 
varied  from  I'M  hydrochloric  acid  tc  acetate  buffer  (total  acetate 
concentration  0.1  M)  pH  4.40  to  6.65,  phosphate  -buffer  (total 
phosphate  concentration  0.1  M)  pH  5. SO  to  9, SO,  borate  buffer 
(total  borate  concentration  0,1  M)  pH  7.S5  to  9*60,  and  finally 
using  sodium  hydroxide  up  tc  a concentration  of  2 U,  As  expected, 
In  acid  solution  no  film  formation  was  observed,  because  of  the 
fact  that  the  ammonia  formed  during  the  reduction  is  immediately 
neutralized.  In  the  case  of  the  acetate  buffer,  the  first  sign 
of  a precipitate  occurred  at  pH  3.5  and  the  film  formation  became 
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more  pronounced  with  increasing1  pH.  It  is  of  interest-  to  notice 
that  ”her.  the  pH  was  between  5*5  and  about  c,  the  second  reduction 
step  started  at  around  -0,9  v.  vs.  S.C.E. , indicating  a hydrolysis 
effect  similar  to- that  mentioned  above.  On  both. sides  of -this  pH 
interval,  the  second  step  started  at  -1.15  v*:.  As  already  men-  ■' 
tioned,  nc  film- formation  Was  observed  when  a- phosphate  buffer  Was 
used.  Using  boric  acid  -buffer  the  pH  .had  to  be  increased  to  9 
before. any  precipitation,  started. 

In  the  experiments,  in  which  the  supporting  electrolyte 
contained  sodium  hydroxide,  very  interesting  results  were  obtained. 
It  was  thought,  that  because  o?  the  limited  solubility  of  cobaltous 

1-3 

hydroxide , the  reduction  would  be  suppressed  by  a strong  film 

(12)  Gayer,  K,  H,  and  Garrett,  A.  B.  J.  An,  Cham,  3oc.  72, 

3521  (1550).  “ 


formation.  If  the  concentration  of  sodium  hydroxide  was  between 
0,005  and  0,03  molar  the  first  reduction  wave  was  suppressed,  the 
second  wave  again  seemed  to  be  of  normal  light.  However,  one 
tenth  molar  sodium  hydroxide  solution  gave  a very  well  defined 
diffusion  current  for  2 millimolar  cobalt  (III)  complex,  and  the 
some  was  true  for  any  concentration  up  to  2 K of  the  hydroxide. 
Even  a 5 millimolar  cobalt  complex  gave  a smooth  current-voltage 
curve  with  0,1  M sodium  .hydroxide.  It  was  observed  that  the  half- 
wave potentials  of  the  first  wave  stayed  practically  constant  with 
increasing  concentration  of  sodium  hydroxide  but  the  second  wave- 
shifted  to  more  negative  potentials  (ca.  0.2  v.)„  However,  no 


quantitative  interpretations  can  be  made  because  of  the 
irreversibility  of  the  reduction* 

The  disappearance  of  the  film  at  higher  alkali  concentra- 
tion con  be  due  to  two  causes,  either  a peptization  cr  a complex 
formation  or  both.  It  was  shown  in  -the  first  part  of  this  inves- 
tlgation  that  a hydroxc  complex  is  formed  as  an  intermediate  in 
10  n sodium  hydroxide.  This  complex  is  said  to  exist  also  in  1 

13  12 

alkali*  _ G-ayer  and  G-arrett  shoved  that  the  principal  ionic 


(13) 


C-oraon, 

(1952) . 


3110.  oehrever,  J 


Chem 


Soc.  , 2i£,  3169 


reaction  which .determines  the  solubility  of  cobaltous  hydroxide  in 
dilute  sodium  hydroxide,  is  the  formation  of  the  acid  anionic  salt 
radical,  or  the  trihydroxy  complex: 

Co  (OH)  p + 0-T  =r  HCoOg”  + Hs0  or  Co (OH) a" 

There  is  another  possibility  of  forming  a soluble  product  in  the 
reduction  of  hexamminecobe.lt  (III),  namely,  a formation  of  a mixed 

1 ov  4 wo  4"  « w a 

w j awx  m * *_0  L»  1 V O 


Co(NH3)8  + e -t  OH 


r r,  ! tr 

u 0 v . . 3 


Such  complexes  do  not  appear  to  have  been  reported  in  the 
literature,  but  there  seems  to  be  no  reason  why  they  could  not 
exist  in  solution  as  metastable  intermediates. 
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Reduotlon  of  Hexammlnocobait  (III)  In  the  Presence  of  Co(II) 

If  the  reduction  of  the  hexamminecobalt  (III)  ion  prcoee&s 
in  a noncomplexing  medium  with  the  hexaaquo  cobaltous  ion  as  an 
intermediate,  then  the  simultaneous  presence  of  cobalt  (II)  in 
the  solution  should  increase  the  height  o?  the  second  wave.  This 
was  studied  in  an  experiment  in  which  a solution  containing  0,1  K 
sodium  perchlorate,  0,01%  gelatine,  1 millimoiar  hexamra in e cobalt 
(III)  and  increasing  concentrations  of  cobaltous  nitrate  was  elec- 
trolyzed at  the  dropping  mercury  electrode  and  the  height  of  the 
second  wave  recorded.  It  was  found  that  the  second  wave  did  not 
increase  until  the  concent  ration  of  cobalt  (II)  was  about  1 milll- 
molar.  Because  of  the  fact  that  the  ammonia  concentration  at  the 
surface  of  the  drop  is  about  6 ralllimolar  part  of  the  divalent 
cobalt  approaching  the  electrode  will  be  precipitated.  If  the 
concentration  of  the  divalent  cobalt  is  below  about  1 millimoiar, 
all  of  it  will  be  precipitated  and  will  not  be  reduced  at  all.  By 
increasing  the  concentration  above  this  limit  the  current  rises 
proportionally  to  it.  By  the  precipitation  of  cobaltous  hydroxide 
ammonium  ions  are  formed,  decreasing  the  pH  enough  so  that  the 
rest  of  cobalt  (II)  is  soluble. 

An  important  conclusion  oan  be  drawn  from  this  experiment, 
namely,  that  the  reduction  to  the  metallic  state  occurs  without 
the  hexaaquo  intermediate. 

Reduction  In  the  Presence  of  Halide  and  Thiocyanate 

The  first  reduction  step  of  hexamminecobalt  (III)  is  com- 
plicated with  a film  formation  using  halides  and  thiocyanate  as 
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supporting  electrolytes.  Figure  3 shows  a family  of  curves  repre- 
senting the  first  reduction  step  in  various  halide  and  thiocyanate 
solutions.  Chloride  does  not  give  a film  formation,  but  the  half- 
wave potential  is  core  positive  than  that  observed  in  a nitrate 
solution  and  the  wave  starts  at  zero  applied  potential  with  a 
small  current.  Bromide  shows  clearly  a film . formation' and  the 
fact  that  the  reduction  starts  earlier  than  in  the  presence  of 
chloride.  Thiocyanate- and  iodide  give  a strong  film  formation. 

The  iodide  solution  is  only  0,1  M because  of  the  limited  solubil- 
ity of  the  hexamminecobalt  (III)  iodide.  Figure  4 illustrates  the 
fact  that  the  reduction  starts  at  early  potentials,  but  is  masked 
by  the  anodic  dissolution  of  mercury. 

The  phenomena  has  a simple  explanation:  the  cobalt  (III) 

complex  oxidizes  mercury  in  the  presence  of  halides  to  form 
hexamminecobalt  (II)  and  mercurous  halide.  The  divalent  cobalt 
complex  decomposes  by  aquation  and  is  precipitated  as  the  hydrox- 
ide, which  is  the  film  forming  substance.  The  mercurous  is 
reduced  electrochem ically  to  give  the  current. 

The  height  of  the  suppressed  part  of  the  first  wave  depends 
on  the  concentration  of  halide  ion  and  seems  to  have  a minimum 
around  0.1  M concentration  in  the  case  of  thiocyanate.  Calcula- 
tions showed  that  the  film  cannot  be  pictured  as  a monolayer,  but 
rather  as  a multilayer  adsorption.  It  was  also  found  that  the 
film  formation  of  2 millimolar  hexamminecobalt  (III)  did  not  have 
any  effect  on  the  electrocapillary  curve  of  0,1  11  potassium  thio- 
cyanate, suggesting  that  the  film  is  rather  loosely  adsorbed  at 
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the  surface.  However,  the  height  of  the  suppressed  part  of  the 
first  wave  was  directly  proportional  to  the  height  of  mercury 
column,  and  the  current- time  behavior  inverted  (decreasing  current 
with  increasing  time)-,  Both' of  these  observations  are  consistent 
with  a eur face-limited  current. 

That  mercury  is  spontaneously  oxidized  by  hexammine cobalt 
(III)  in  halide  and  thiocyanate  solutions  was  'confirmed  by  test- 
tube  experiments..  Deaerated  solutions  of  halides  containing:  the 
cobalt  complex  were  shaken  with  mercury.  It.  was  found'  that  the 
solutions  turned  green  due  to  the  -.formation  of  a precipitate  and 
that  ammonia  was  liberated.  The  relative  time  required  to  com- 
plete the  reactions  was  shortest  for  iodide  and  increased  for  thio- 
cyanate and  bromide  and  for  chloride  actually  was  very  long.  The 
green  nrecioitate  was  analyzed  and  consisted  of  cobaltous  hydrox- 
ide. Curve.  3... in;  Figure  4 shows,  that  an  addition  of  ammonia  buffer 
will  remove  the  film,  as  expected,  if  it  is  cccaltoue  hydroxide. 
Apparently  the  rate  of  direct  interaction  between  mercury  and 
cobalt  (III)  complex  is  faster  than  the  electroreduction  of 
cobalt  (III)  at  zero  applied  e.m.f.  b’ith  increasing  negative 
potential,  the  rate  of  the  electrode  reaction  will  increase.  The 
correlation-  between  the  potential  at  which  the  film  formation 
ceases  and  the  solubility  of  the  corresponding  mercurous  halide 
(Fig.  3)  may  be  accounted  for  on  the  basis  that  adsorbed  halide 
ion  takes  part  in  the  direct  reaction.  The  adsorption  of  halide 
ion  will  decrease  with  increasing  potential  again  favoring  the 
electroreduction  reaction. 
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The  second  reduction  step  was  found  to  occur  at  about  the 
sane  potential  in  the  presence  of  the  halides  as  in  nitrate  solu- 
tions . 

The  Effect  of  Electrolytes  or.  the  Diffusion  Current 

1 9 

Laitinen,  Bailar,  Koltzolaw  and  Gfuagliano  observed  that 
the  diffusion  current. was  suppressed  in  solutions  containing  sul- 
fates, tartrates  and  citrates  and  also  that  the  half-wave-  poten- 
tial of  the  first  wave  varied  with  the  supporting  electrolyte. 

These  effects  were  attributed  to  the  formation  of  a "super  com- 
plex", the  hexanmine cobalt  (III)  ion  being  the  central  ion  of  an 
aggregate  held  by  electrostatis  attraction. 

14,18,18, IV 

Several  investigators  have  observed  that  the  dif- 


(14)  Kolthoff,  I.  M. , and  Lir.gane,  J,  J.,  "Polarography  In,  2nd  Fd. 
. Interscience. Publishers , New  York,  N.Y.,  1952,  p.  97. 

(15)  Fores,  B,  Acta  Acad,  Aboensis,  Math,  et  Phys./l?,  No.  V 
1-120  (1951). 

(16)  Foffani,  A.,  and  Ve.cohi,  F . , Sbornik  raezinarod.  polarograf. 
SJezdu  Fraze  1st  Congr, , Pt , I,  64  (1951), 

(17)  Scholander,  A.,  Ibid,  p,.260. 


fusion  currents  of  various  metal  ions  in  certain  supporting  elec- 
trolytes are  inversely  proportional  to  the  square  root  cf'THe 

1 8 

specific  viscosity  of  the  medium.  Also  it  has  been  found  that 


(lS)  Neites,  L.,  J.  Am.  Chem.  3oc, 


72,  4257 ' (1951). 


the  diffusion  coefficient  varies  with  ionic 


strength  thus  affecting 


-14- 


the  diffusion  current. 

Since  the  diffusion  rate- of  ion  aggregates  is  masked,  by  a 
viscosity  effect,  it  Was  desirable  to  'measure  the  diffusion  current 
of  hexammlne cobalt  (III)  in  various  supporting  electrolytes  of  dif- 
ferent charge  type  and  . known  viscosity  . 

In  this  investigation  it  was  found  that  the  diffusion  cur- 
rent is  inversely  proportional  to  the  square  root  of  the  viscosity 
and  that  the  effect  vras  independent  of  the  nature  of  the  electro- 
lyte, provided  the  change  of  the  ion  is  kept  constant.  Figure  5 

and  the  following  table  show  the  results  of  the  experiments. 

1/2 

Curve  1 is  the  plot  of  i^"  vs.  h ' for  univalent  anions,  Curve  2 
for  divalent  anions.  The  single  point  corresponding  to  a trivalent 
anion  appears  to  lie  on  a third  curve. 

It  can  be  concluded  that  after  the  effect  of  viscosity  has 
been  taken  into  account,  there  remains  a suppressing  effect,  which 
increases  with  increasing  charge  of  anion.  This  is  consistent  with 
the  concept  of  an  electrostatic  clustering  or  "super  complexing-". 

As  mentioned  above,  the  half-wave  potential. of  the  first 
reduction  step  is  sensitive. to  variation  of  the  supporting  electro- 
lyte. For  instance,  as  seen  in  the  table , _ the  __  half -wave  potential 
is  shifted  about  0,2  v,  to  the  negative  direction  changing  the 
supporting  electrolyte  from  1 M nitrate  to  1 II  sulfate.  It  was, 
however,  found  that  this  is  not  all  due  to  the  super  complexing 
but  that  the  change  of  the  ionic  strength  also  affects  the  poten- 
tial. Keeping  the  ionic  strength  practically  constant  ( ■ = i) 
with  potassium  nitrate  an  addition  of  0.1  M potassium  sulfate 


-15- 

shifted  the  potential  only  25  mv,  whereas  the  shift  was  170  mv.  -if 
the  supporting  electrolyte  consisted  of  only  sulfate. 


TABLE  I 


Reduction  of  1 millimolar  Co(NHa)e  in  Various 
Supporting  Electrolytes 

Electrode  I 
Monovalent  Anions 


Cone. 

M 

,,  1/21’ 

id*,*® 

1 r 1/2 
la.  1.  ■ 

El/2'  V* 
S.C.E. 

1. 

HaCl 

1.0 

1.047 

3.59 

3-75 

-O.193 

2. 

CaCl3 

1.0 

1.073 

3.31 

3.55 

-0.220 

3- 

Ha  benzoate 

1.0 

1.285 

2.68 

3.41 

-0,300 

4. 

NaCl04 

1.0 

1.023 

3.56 

3.65 

-0.240 

5- 

NH4HOa 

1.0 

0.985 

3.63 

3.57 

-0.250 

6. 

Na  acetate 

1.0 

1.180 

3.00 

3.54 

-O.345 

7. 

NaOH 

0.5 

1.051 

3-53 

3.71 

-O.355 

8. 

CoCla 

1.0 

1.097 

3.13 

3.43 

-O.195 

Divalent  Anions. 

9. 

Na  Tartr. 

1.0 

1.155 

2.22 

2.57 

-0.380 

10. 

HaaS04 

0.7 

1.074 

2.95, 

3.17 

-0.450 

11. 

l'IaaS04 

1.0 

1.110 

2.64 

2.94 

-0.465 

12. 

CoS04 

1.0 

1.163 

2.43 

2,82 

-0.440 

13. 

(nh4)3so4 

1.0 

1.055 

2.96 

3.12 

-0.465 

14. 

KaS04 

0.7 

1.036 

3.09 

3.20 

-0.465 

15. 

Ha304 

1.0 

1.043 

3.19 

3.33 

-0.385 

16. 

Na3S04 

0.1 

1.01 

3.20 

3.24 

-0.430 

17. 

NaaC03 

0.5 

1.135 

2.82 

3.20 

-O.455 

18. 

MgS04 

1.0 

1.170 

2.24 

2.63 

-0.452 

Tri valent  Anions 

19. 

Na3  Citrate 

1.0 

1.175 

1.75 

2.06 

-O.35O 

(19)  Lange,  N.  W "Handbook  of  Chemistry",  6th  Ed, , Handbook 
Publishers,  Inc.,  Sandusky,  Ohio  (194b)  p,  15SI. 


Figure  1 

?olaregrams  : obtained  in  0,1  M sodium  perchlorate , with  vari- 
ous concentrations  of  he xammine cobalt  (HI)  ohloride.  Electrode  I, 
Damping  1. 
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Figure  2 

Folarogram  obtained  in  0.1  M sodium  perchlorate  containing 
0.01$  gelatine,'  4*75  millimolar  cobalt  (II)  and  1 millimolar 
hexammineccbalt  (ill),  Electrode  I,  Damping  1. 


Figure  3 

Folarograms  of  2 millimolar  hexammineccbalt  (III)  in  various 
supporting  electrolytes  (first  reduction  step): 

Curve  1 2 3 4 . 5 

_ 3upp . 1 M 1 M 

lEIectrcl.  Na'C03  NaCl 


Figure  - 

Polarograms  of  2 millimolar  hexammine cobalt  (III)  obtained 
in:  Curve  1,  1'  K sodium  nitrate;  Curve  2,  0,1  M potassium  thio- 
cyanate; Curve  3,  0,1  M potassium  thiocyanate  containing.  0.1  M 
ammonia  and  0.1  M ammonium  nitrate.  Electrode  I. 


Figure  5 

The  diffusion  current  of  1 millimolar  hexammineccbalt  (III) 
plotted  versus  of  various  supporting  electrolytes. 

Electrode  I. 
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